In humans, peripheral blood B cells expressing the CD27 marker and mutated Ig receptors are usually considered to be memory B cells generated in germinal centers (GCs) during immune responses to T-dependent (TD) antigens. In adults, approximately half of these CD27 + B cells are isotype-switched cells carrying surface IgG or IgA, the other half being IgM + IgD + cells, often referred to as " IgM memory " ( 1, 2 ) . CD27 is not present on naive B cells, but other minor CD27 Ϫ populations have been recently described. These populations include transitional cells, and, more surprisingly, IgG + and IgA + B cells ( 3 -8 ) . These isotype-switched CD27 Ϫ cells expressing a mutated Ig have been shown to be bona fi de memory cells and can be discriminated from CD27 Ϫ naive cells by the absence of ATP-binding cassette B1 transporter (ABCB1) activity ( 6 -8 ) . Strikingly, CD27 surface expression was also recently reported for both CD19 + CD10 + and CD19 + CD34 + Ig-negative B cell precursors in the bone marrow ( 9, 10 ) . Thus, the relationship between CD27 expression and memory B cell phenotype appears to be far from unequivocal.
There is still considerable debate concerning the exact function and phenotype of IgM + IgD + CD27 + B cells in humans ( 11 ) . It has been suggested that these cells are not memory cells, but are instead splenic marginal zone (SMZ) B cells involved in T cell -independent (TI) responses, and that, unlike the equivalent B cell population in mice, these cells not only recirculate, but also diversify their Ig receptors by hypermutation in a GC-independent pathway ( 12, 13 ) . Evidence supporting this hypothesis is provided by the consistent observation of such an IgM + IgD + CD27 + subset with mutated Ig genes in patients harboring genetic defects in the T-B collaborative response (defi ciencies in CD40L, CD40, and ICOS), although this subset generally accounts for a proportion of cells In humans, GC reactions and memory B cell generation begin soon after birth, but TI antigens raise no immune response in children under the age of 2 yr ( 23, 24 ) . Blood IgM + IgD + CD27 + cells are present and mutated in infants < 2 yr old, which led us to suggest, consistent with our general proposition, that these cells would be generated and diversifi ed at these early stages, along a developmental program outside the framework of an immune response ( 12 ) . We made use of this dissociation between development and TI response to analyze the repertoire of the two main CD27 + IgD + and IgD Ϫ subsets, in the blood and spleen of children under the age of 2 yr. We compared these subsets with the aim of determining whether they belonged to identical or diff erent lineage pathways. As expected, switched and GC B cells were found to express a very restricted repertoire.
only one-third of that found in normal individuals ( 12 -16 ) . Further evidence is provided by the similarity in surface phenotype between circulating IgM + IgD + CD27 + B cells and SMZ B cells and the sharing of B cell clones between these blood and spleen subsets ( 12 ) . The dependence of these cells on the splenic microenvironment, as highlighted by their reduced numbers in splenectomized patients, and the correlation between this specifi c subset and protective immunity against pneumococcal infections, are also consistent with this hypothesis ( 17 -19 ) .
An alternative hypothesis is based on a presumed obligate link between hypermutation and the GC reaction, and uses as an argument the lack of detectable expression of activation-induced cytidine deaminase (AID), an absolute prerequisite for the induction of Ig gene mutation, in the human SMZ on immunocytochemistry ( 20 ) . According to this hypothesis, IgM + IgD + CD27 + cells are derived from GC-activated B cells that fail to undergo isotype switching ( 21 ) . Abortive GC development, like that described in transgenic mouse models of TI responses ( 22 ) , would then account for their presence (and mutation frequency) in hyperIgM patients. Naive IgD + CD27 Ϫ , IgD + CD27 + , and switched IgD Ϫ CD27 + B cells were sorted from the blood samples of donors 1 and 2. Total RNA from each cell fraction was reverse transcribed and V H 6 or V H 3.15 or ␥ transcripts were amplifi ed by PCR, using a seminested strategy (see Materials and methods). The PCR products were labeled by a run-off reaction with specifi c fl uorescent V H -FR3 primers, and subjected to electrophoresis on an automated sequencer. The resulting size distribution of the peaks directly refl ects the size distribution of H-CDR3 for the given transcripts. Peaks identifi ed by an asterisk were further sequenced to evaluate intrapeak clonal diversity. 
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CD27 + cells expressed a very restricted repertoire. The spectratyping of V H 6-␥ transcripts from donor 1 gave an irregular profi le, with one major peak and several minor ones. For donor 2, the V H 3.15 repertoire of ␥ transcripts was even more restricted, with only two peaks detectable.
The clonal diversity represented by defi ned CDR3 lengths was evaluated further, by sequencing several peaks (identifi ed in Fig. 1 ) and counting the number of diff erent rearrangements ( Table I ) . For the V H 6 spectratyping of switched cells (donor 1), we selected four peaks for sequencing, including the major one. Clonal diversity, defi ned as the proportion of diff erent V H DJ H junctions among all the sequences obtained, was 27%, and ranged from 38% for the smallest peak to a single rearrangement for the major peak ( The V H repertoires of diff erent splenic B cell subsets were compared by sorting fractions from a splenic sample taken from an 8-mo-old donor (donor 3), using two diff erent types of labeling. Indeed, the proportion of GC B cells was surprisingly high, accounting for 80% of the IgD Ϫ CD27 + population. We made In contrast, the Ig repertoire of IgM + IgD + CD27 + B cells appeared to be highly diverse and similar to that of naive B cells, but with a shift in CDR3 sizes suggesting a diff erent selection process. The IgM + IgD + CD27 + subset thus has a mutated Ig repertoire, but displays no sign of antigen-driven clonal expansion, which is the hallmark of an immune response, despite the numerous vaccinations to which young children are usually subjected.
RESULTS
Analysis of the repertoire of blood B cell subsets reveals major differences between IgM + IgD + CD27 + and switched B cells in children under the age of 2 yr The diff erent B cell subsets in blood samples from young donors were analyzed by H-CDR3 spectratyping ( 25 -27 ) . With this approach, the repertoire of specifi c rearranged V H genes can be assessed by evaluating the global distribution of CDR3 lengths, and its diversity can be estimated by determining the number of non redundant sequences corresponding to a defi ned CDR3 size. IgM + IgD + CD27 + cells, switched CD27 + cells and naive B cells were sorted from the blood samples of two 11-mo-old children. The possible contamination of switched cells with IgD Ϫ CD27 ++ plasma cells producing large amounts of Ig transcripts was excluded by selecting the diff erent B cell fractions on the basis of CD20 marker expression, this marker being absent from plasma cells ( 28, 29 ) . H-CDR3 spectratyping of the V H 6 and V H 3. 15 or ␥ transcripts in these diff erent subsets was performed with a seminested strategy (see Supplemental materials and methods, available at http://www.jem.org/cgi/content/full/ jem.20071555/DC1). The V H 6-and V H 3.15-CDR3 spectratypes for naive cells from both donors ( Fig. 1 ) for the and ␥ transcripts expressed before and after isotype switch. Both profi les appeared irregular, with progressive changes between the and ␥ spectratypes, and between the GC and IgD Ϫ CD27 + spectratypes.
The repertoire diversity of each B cell fraction was determined by sequencing the peaks identifi ed in Fig. 2 B (results summarized in Table II ) . We selected the two largest peaks and one minor peak from the V H 3.15 spectratype of the ␥ transcripts expressed by IgD Ϫ CD27 + cells. Overall clonal diversity was 48%, ranging from 68% for the smallest peak to 32 and 45% for the two largest peaks, respectively (Table S2, available at http://www.jem.org/cgi/content/full/ jem.20071555/DC1). For GC CD38 + CD24 Ϫ cells, we sequenced six and fi ve peaks present in the V H 3.15 spectratypes of and ␥ transcripts, respectively ( Fig. 2 B , Table II , and  Table S2 ). The percentage of diff erent VDJ junctions was ‫ف‬ 50% for both types of transcript and, not unexpectedly, was similar to that for splenic IgD Ϫ CD27 + B cells, of which they constitute the major fraction. Intrapeak diversity was evaluated for IgD + CD27 + and naive B cells by sequencing three peaks in the corresponding V H 3.15 spectratypes ( Fig. 2 and Table II ). Overall clonal diversity was 90% for naive cells and 97% for IgD + CD27 + cells, in which clonal diversity ranged from 94 to 100% in individual peaks, and was therefore high, even in the largest peak (Table S2 ).
use of this situation to isolate GC B cells, based on CD19, CD24, and CD38 labeling (GCs are CD19 + CD38 + CD24 Ϫ ), and transitional B cells, which are easy to identify with these markers (CD19 + CD38 ++ CD24 ++ ) ( 4, 30 ) . The other three fractions were purifi ed, as previously des-cribed, based on the expression of CD20, IgD, and CD27 ( Fig. 2 A ) . The IgD Ϫ CD27 + fraction thus corresponded to a mixture of GC B cells (IgD Ϫ -CD27 int CD38 + ) and post-GC switched cells (IgD Ϫ CD27 + CD38 Ϫ ).
We performed H-CDR3 spectratyping on V H 3.15 or ␥ transcripts from these diff erent cell fractions ( Fig. 2 B ) . Transitional and naive cells displayed a Gaussian distribution, indicative of a highly diverse repertoire. A similar regular distribution of H-CDR3 sizes was observed for the V H 3.15-transcripts of IgD + CD27 + cells, with peaks separated by three bases distributed around the mean with decreasing intensity. As for blood samples, mean CDR3 length was shorter for IgD + CD27 + cells than for naive cells, with a diff erence in mean CDR3 size of 4 bp between the 2 subsets.
Unlike IgD + CD27 + cells, splenic IgD Ϫ CD27 + cells displayed an irregular distribution of CDR3 sizes with a few dominant peaks, suggesting a more restricted repertoire and specifi c clonal expansions, consistent with both proliferation and selection in the GC during TD responses. For GC CD38 + CD24 Ϫ B cells, V H 3.15 spectratyping was performed of 45% for IgD Ϫ CD27 + , and was thus signifi cantly lower than the one observed for IgD + CD27 + (91%) and for naive B cells (90% ; Table S4 ). Altogether, splenic IgD + CD27 + B cells had a highly diverse Ig repertoire, similar to that observed for naive B cells, with no signs of clonal expansion and/or activation. In contrast, the GC cells and the splenic IgD Ϫ CD27 + cells, the latter being a mixture of bona fi de switched memory cells and GC cells, expressed a restricted repertoire, although it was generally less restricted than that displayed by switched memory cells in the blood.
Blood and splenic IgM + IgD + CD27 + cells are already diversifi ed in infants The mutation frequencies of Ig genes were determined for the blood and/or splenic IgD + CD27 + and IgD Ϫ CD27 + subsets of four donors (D1 -D4, described in Materials and methods). We analyzed somatic mutations in the J H 4-J H 5 introns fl anking rearranged V H DJ H 4 sequences amplifi ed from genomic DNA. The J H 4 segment is used in 50% of rearranged V H genes ( 31 ) , so this approach facilitates the sampling of unselected sequences, even if only limited numbers of cells are available ( 32 ) . Consistent with our previous results for children under the age of 2 yr ( 12 ), the blood IgD + CD27 + cells of both 11-mo-old donors (D1 and D2) were already diversifi ed (1.2 and 1.9 mutations per 100 base pairs, with 75 and 83% of the sequences being mutated, Table  IV ). The blood IgD + CD27 + cells of the youngest donor (D3, 8 mo) also displayed mutations, but with a lower range and H-CDR3 spectratyping of or ␥ transcripts of the same splenic B cell fractions was performed for a second gene, V H 6 ( Fig. 2 B ) . Again, a regular distribution of H-CDR3 sizes was observed for IgD + CD27 + cells, with a shift of 6 bp compared with naive cells. In contrast, GC CD38 + CD24 Ϫ and IgD Ϫ CD27 + cells displayed markedly irregular profi les indicative of restricted repertoires. As expected from the profi les of IgD Ϫ CD27 + and GC B cells, the clonal diversity evaluated by the sequencing of selected peaks was very low. Overall clonal diversity was of 24% for IgD Ϫ CD27 + cells and 14.5 and 6.5% for GC and ␥ transcripts, respectively, with only 1 or 2 clones in 6 out of 10 peaks analyzed ( Table III and  Table S3 , available at http://www.jem.org/cgi/content/full/ jem.20071555/DC1). In contrast, the clonal diversity was 85% for IgD + CD27 + cells, thus being even higher than the one determined for naive B cells (64%).
These observations were extended to two older individuals and two additional genes, by studying either the V H 3.30/33 or the V H 5.51 repertoire of splenic B cell subsets of a 22-and a 23-mo-old child (D4 and D7; Fig. S1 , available at http:// www.jem.org/cgi/content/full/jem.20071555/DC1). Again, we observed a Gaussian distribution for the naive and the IgD + CD27 + B cells and a more restricted pattern for the IgD Ϫ CD27 + cells, which are in their majority GC B cells at this age (75 and 85% of the IgD Ϫ CD27 + B cells in D4 and D7, respectively). For donor 7, the V H 5.51 repertoire diversity was evaluated for each B cell subset by sequencing several peaks identifi ed in Fig. S1 . The overall clonal diversity was ( Table IV ) . For donor D3 (8 mo old), we also analyzed somatic mutations in V H 3.15 transcripts from sorted splenic IgD + CD27 + cells, GC B cells, and IgD Ϫ CD27 + cells, which included both GC and post-GC switched cells, as previously described ( Table V ). We analyzed both and ␥ transcripts for GC B cells. The GC transcripts had a lower frequency of mutations than the ␥ transcripts of either GC or IgD Ϫ CD27 + B cells (1.4 vs. 2.4 and 2.9%, respectively), with a lower mutation range. The V H 3.15 transcripts of IgD + CD27 + and GC cells displayed a similar mutation frequency per mutated sequence, but there was nevertheless a striking diff erence in the proportion of mutated sequences in each subset, with 30% of transcripts expressed by IgD + CD27 + cells being mutated versus 90% in GC B cells. In contrast, V H 3.15 ␥ transcripts from GC or IgD Ϫ CD27 + B cells presented a similarly high frequency of mutated sequences.
Blood and splenic IgM + IgD + CD27 + cells are thus clearly mutated in children under the age of 2 yr. In several samples, this subset contrasted with switched B cells in having a large proportion of cells that, although being CD27 positive, harbored unmutated Ig sequences. No such dissociation was observed for this subpopulation in samples from normal adults and older children ( 12 ) .
AID expression is detected in the splenic IgM + IgD + CD27 + subset of children under the age of 2 yr, but not in older individuals AID is an absolute requisite for Ig gene hypermutation ( 33, 34 ) . We therefore determined its relative expression by real-time quantitative PCR in the various splenic subsets. IgD + CD27 + , IgD Ϫ CD27 + , and naive IgD + CD27 Ϫ cells were sorted from splenic samples from 4 patients aged 8 mo (donor 3), 22 mo (donor 4), 6 yr (donor 5), and 17 yr (donor 6). As previ- Fig. 4 . The sections contained numerous secondary B cell follicles with full-blown IgDnegative GCs surrounded by a broad IgD-positive zone ( Fig. 4 , A and E ). Sections double-stained with IgD and CD27 ( Fig. 4 , A -D ) revealed two distinct areas within this broad IgD + ring surrounding the GC, an inner zone of mostly CD27 Ϫ cells corresponding to the corona and populated by naive B cells, and a CD27 low outer zone with some scattered CD27 high cells. Although they expressed CD27 only weakly, these CD27 + ring structures were found recurrently around B cell follicles and corresponded to the MZ. Thus, in contrast to what is seen in older individuals ( 39 ) , the corona and MZ could not be distinguished by the presence of IgD high and IgD low B cells in this very young child, both zones being similarly stained with IgD. The CD27 high cells scattered in of numerous GCs in the splenic sections of these patients (unpublished data). In older patients, this percentage was much lower, falling to 20 and 2% in donors 5 and 6, respectively, in whom GCs were rare in splenic sections. However, it should be noted that the spleen of the 17-yr-old donor was removed after trauma, and therefore without prior immunization. In contrast, the other three donors underwent splenectomy for spherocytosis, and were vaccinated before surgery. We detected no signifi cant AID expression in the naive cells of the four donors ( Fig. 3 ) We made use of the unique context encountered in the fi rst 2 yr of life, in which only TD responses are eff ective, to compare the immune repertoire of IgM + IgD + CD27 + , switched memory, GC, and naive B cells in the blood and spleen of very young children (one 8-mo-old child and two 11-mo-old children). The repertoire was analyzed by H-CDR3 spectratyping, which is used to study the complexity of the heavy chain variable (V H ) repertoire based on the global distribution of CDR3 size for a given rearranged V H gene, and clonal diversity, based on the number of nonredundant rearranged sequences harboring a CDR3 of a specifi c length ( 25 -27, 41 ) . All the children studied had had the standard childhood vaccinations eliciting TD responses in the weeks or months before sample collection (see Materials and methods). We show that, despite these numerous antigenic challenges, the overall diversity of the repertoire of IgM + IgD + CD27 + cells in blood and spleen was similar to that in naive B cells, with no sign of antigen activation or clonal expansion. Switched CD27 + B cells from blood had a highly restricted repertoire, with a small number of expanded clones. This subset was more polyclonal in the spleen, but remained much more restricted than that of IgM + IgD + CD27 + B cells.
B cells proliferating within GCs undergo repeated cycles of hypermutation, with antigen-selected clones eventually leaving the GC to become memory B cells ( 42 ) . One possible scenario for the generation of IgM + IgD + CD27 + cells involves an early branching point in GC diff erentiation, before the onset of isotype switching ( 43, 44 ) , accounting for the lower mutation frequency generally observed for these cells than for switched B cells from the same individual ( 12, 45 ) . Surprisingly, the major fraction of splenic IgD Ϫ CD27 + B cells from these young children appeared to consist of GC B cells (75 -80%). We thus sorted GC B cells from the spleen sample of an 8-mo-old child, and analyzed their repertoire and mutation frequency at the level of both ␥ and transcripts, with the latter one corresponding to an earlier step in the GC reaction. transcripts from splenic IgM + IgD + CD27 + and GC cells had similar levels of mutation if only mutated sequences were considered. However, whereas most of the sequences in GC cells bore mutations, only 30% of the IgM + IgD + CD27 + splenic B cells were mutated. Moreover, whether they expressed or ␥ transcripts, GC CD38 + CD24 Ϫ cells had a repertoire strikingly diff erent from that of IgD + CD27 + cells, with approximately half of the amplifi ed V H sequences being redundant, whereas IgM + IgD + CD27 + B cells were comparable to naive B cells with few redundant sequences.
Later in life, encountering external TI antigens in the mature environment of the SMZ is assumed to trigger the eff ector function of IgM + IgD + CD27 + cells that is, diff erentiation into plasma cells, at the IgM stage or after isotype switch, and the secretion of mutated antibodies ( 46 -48 ) . Indeed, we have observed a signifi cant expansion of defi ned V H clones in the blood IgM + IgD + CD27 + cells of 6-and 8-yr-old children after antipneumococcal vaccination (unpublished data) ( 12 ) , indicating that, unlike in very young children, clonal expansion takes place and can easily be detected in the mature, functional IgM + IgD + CD27 + compartment. the MZ did not stain for IgD and most probably corresponded to CD3 + T cells, which appeared with a similar arrangement in the adjacent section (not depicted). Similar CD27 low staining was observed by immunohistochemistry with tyramide amplifi cation on paraffi n-embedded sections of a splenic specimen from another 8-mo-old child (Steiniger, B., personal communication). The diff erence between our fi ndings and previous studies probably results from diff erences in the nature of the samples analyzed. Our samples were obtained after surgery, rather than through autopsy, in which autolysis may interfere with the detection of a weak CD27 signal (Steiniger, B., personal communication).
On sections labeled with anti-IgD and -CD1c antibodies ( Fig. 4, E -H ) , GCs mostly remained unstained, whereas the corona around GCs stained for CD1c. However, the most strongly CD1c-positive B cells were located in the outer area, corresponding to the CD27 low MZ. This is clear in the merged images of Fig. 4 (G and H) , in which the corona appeared green, whereas the MZ was orange-yellow in appearance because of the coexpression of IgD (green) and CD1c (red), with similar intensities. On sections double-stained for IgM and CD27, the CD27 low ring was also IgM + (not depicted). Thus, IgM + IgD + CD27 low CD1c high B cells are already present with a localization corresponding to the MZ in an 8-mo-old child.
DISCUSSION
Both CD27 + B cell subsets -switched and IgM + IgD + cellsdevelop and expand in parallel after birth, whereas only TD responses appear to be functional. GCs can be seen in the spleens of infants as young as 7 wk of age, and they consist of B cells and follicular dendritic cells with immunophenotypes essentially similar to those in adults ( 40 ) . In contrast, although a clearly demarcated MZ can be observed from the age of 4 mo, this zone has been shown to lack CD27 expression ( 38, 40 ) . We readdressed this latter issue, because in all splenic samples of young children (8, 19, 22, 23 , and 25 mo), an IgD + CD27 + B cell subset was clearly detectable by fl ow cytometry, accounting for 8 -18% of the B cell compartment (Fig. S2) . Using immunocytochemistry, we show that IgD + CD27 low cells are already present in the SMZ of an 8-mo-old child. The nature of sample collection (i.e., surgical removal vs. autopsy) may account for the diff erence in CD27 detection between this study and previous works. In contrast to the situation in specimens from older children or adults with IgD low cells in the MZ ( 39 ) , the IgD and IgM markers were expressed at similar intensities on MZ B cells, consistent with previous reports ( 40 ) . However, these cells displayed a high level of CD1c expression, similar to that described for older individuals, and which appears to constitute a reliable marker for discrimination from switched memory B cells ( 12 ) . B cells displaying an IgM + IgD + CD27 low CD1c high phenotype are thus present in the SMZ before the age of 2 yr, and the lack of TI immune responses thus cannot be attributed to their absence at that stage, but instead probably result from the immaturity of the cells mediating the response: macrophages, dendritic cells, or the MZ B cells themselves. during their development, through a tonic signal mediated by the BCR complex, a weak stimulation through the Ig antigen-binding site, or a superantigen-like signal through the binding of framework residues in the V H regions, with any of these signals possibly acting in conjunction with Toll-like receptor -mediated accessory stimulation ( 54 -56 ) . In rabbits, specifi c gut bacteria shape the development and diversifi cation of the preimmune repertoire through a superantigenlike eff ect ( 57, 58 ) , but no evidences have been reported so far for a role of superantigens in the development of the B cell repertoire in humans. B cells expressing auto-/polyreactive antibodies of low avidity have been shown to be selected in the mouse MZ B cell compartment, which is consistent with the signal strength model ( 59 ) . It therefore remains possible that defi ned self-or commensal antigens recognized with very low affi nity may provide IgM + IgD + CD27 + B cells with a positive signal, selecting for diff erent H-CDR3 lengths. Alternatively, a shorter CDR3 size might aff ect the nature of a tonic signal delivered during the development of these cells, and as a consequence drive them toward a MZ B cell fate ( 55 ) .
Collectively, our results support the proposition that IgM + IgD + CD27 + B cells develop and mutate during the fi rst years of life without being engaged in a TD or -independent immune response. Cerny et al. ( 60 ) have shown that, in a transgenic mouse model, sorted MZ B cells can be recruited for T cell -dependent responses, forming GCs that subsequently undergo somatic mutation and affi nity maturation. Although we cannot formally exclude the possibility that IgM + IgD + CD27 + cells also participate in TD responses later in life, our results are not consistent with such a role in children under the age of 2 yr.
MATERIALS AND METHODS
Donors and patients.
Approval for this research was granted by the Comit é de protection des personnes Ile-de-France II. Fresh spleen samples were obtained from patients undergoing splenectomy caused by spherocytosis, a nonimmunological disease. Spleen samples and heparin-treated venous blood samples were retrieved after informed consent from the patients or their parents. Donors 1 and 2 were healthy 11-mo-old twins vaccinated with Pentacoq and Prevnar at 2, 3, and 4 mo, and then 10 d before blood sampling. A splenic sample was collected for the following donors: D3 (8 mo), D4 (22 mo), D5 (6 yr), D6 (17 yr), and D7 (23 mo), which was previously included as C2 ( 12 ) . Donor 3, who underwent splenectomy at 8 mo, had received doses of Prevnar at 2, 4, and 5 mo, Infanrix at 2 and 5 mo, and Engerix at 6 mo. Donor 6 had his spleen removed because of traumatic splenic rupture.
Flow cytometry and cell sorting. The following antibodies were used: biotin anti-IgM (clone G20-127), biotin anti-IgD (clone IA6-2), APC anti-CD38 (clone HIT2), and PE anti-CD24 (clone ML5) were purchased from BD Biosciences; PE-Cy5 or FITC anti-CD19 (clone J4.119), PE-Cy5 anti-CD20 (clone B9E9), and PE anti-CD27 (clone1A4-CD27) were obtained from Beckman Coulter; and FITC-conjugated goat F (ab ' ) 2 anti-IgD was purchased from Invitrogen. Biotinylated antibodies were detected with streptavidin PE-Cy7 (BD Biosciences). B cells from peripheral blood were enriched with human B cells by negative selection on a Ficoll gradient with the RosetteSep B cell enrichment cocktail (StemCell Technologies). Splenic B cells were obtained by Ficoll density centrifugation, followed by enrichment to > 98% purity with the B cell negative isolation kit (Dynal). Enriched B cells were stained with antibodies and analyzed on a FACSCalibur with The next obvious question concerns when and where these cells diversify their repertoire. We have previously shown that diversifi cation begins after birth, with a progressive increase in mutation frequencies in blood IgM + IgD + CD27 + cells during the fi rst few years of life ( 12 ) . We confi rm here that these IgM + IgD + CD27 + cells are mutated in the spleen of a child of 8 mo, with a range and frequency of mutations lower than those in the corresponding switched cells. This, together with the high proportion of unmutated Ig sequences in a subset harboring the CD27 + surface marker, suggests that these cells are still undergoing diversifi cation at this stage and that this diversifi cation may be a much slower and more progressive process than that occurring in the space of a few weeks in GCs.
Somatic hypermutation is strictly dependent on the enzyme AID ( 33, 34 ) . We therefore analyzed the relative expression of AID by quantitative PCR in the diff erent splenic subsets taken from children of various ages. Consistent with the results reported by Willenbrock et al. ( 20 ) , who performed immunocytochemistry on the MZ of adult splenic tissues, we detected no signifi cant AID expression in the splenic IgM + IgD + CD27 + fraction of older donors (6 and 17 yr old). In contrast, AID expression was detected, at a low level, in children under the age of 2 yr. The similar expression of Bcl-6 in splenic IgM + IgD + CD27 + cells of these young children compared with naive B cells tends to indicate that this AID expression is not caused by a contamination by GC B cells. This fi nding would moreover be compatible with hypermutation in a small number of cells from the IgM + IgD + CD27 + fraction, and with the slow progressive accumulation of mutations in these cells, but may also refl ect residual activation triggered elsewhere, leaving the question of the site of diversifi cation open at this stage.
Blood IgM + IgD + CD27 + cells have been reported to harbor shorter H-CDR3 than naive cells in adults, and similar data have been obtained for MZ B cells in rodents ( 45, 47, 49 -52 ) . Our fi ndings extend this observation to the blood and splenic IgM + IgD + CD27 + cells of infants, demonstrating the existence of an intrinsic bias that emerges even in the absence of TI responses. This diff erence in repertoire suggests that these IgM + IgD + CD27 + cells were selected in a manner diff erent from that in naive cells and raises questions about the nature of the selection occurring during their development. It has been shown that developing B cells in humans express large numbers of self-reactive antibodies, most of which are removed at two checkpoints -one at the immature B cell stage in bone marrow, the other at the transition between new emigrants and mature B cells in the periphery ( 53 ). Tsuiji et al. recently provided evidence of a third checkpoint in self-reactivity during IgM + IgD + CD27 + B cell development, this selection apparently being implemented before the onset of somatic hypermutation ( 50 ) . Polyreactive and autoreactive antibodies generally have longer H-CDR3 ( 53 ) , and their elimination from IgM + IgD + CD27 + B cells may contribute to the shorter H-CDR3 regions observed. Positive selection may also be applied to IgM + IgD + CD27 + cells Statistical analysis. Comparisons between proportions (the percentage of clonal diversity being defi ned as the number of diff erent VDJ among all sequences) were performed using a 2 with one degree of freedom as implemented in the FREQ procedure of the SAS software v9.1 (SAS Institute).
Online supplemental material. Fig. S1 shows H-CDR3 spectratypes of V H 3.30/33 and V H 5.51 transcripts expressed by splenic B cell subsets of donors D4 and D7. Fig. S2 shows the proportion of IgD + CD27 + and IgD Ϫ CD27 + B cells in the spleen and/or blood of infants. Table S1 shows the clonal diversity of each peak sequenced in the V H 3.15 and V H 6 spectratypes of the diff erent blood B cell subsets of donors D1 and D2. Table S2 and S3 shows the clonal diversity of each peak sequenced in the V H 3.15 and V H 6 spectratypes of the diff erent splenic B cell subsets of donors D3. Table S4 shows the V H 5.51 repertoire analysis of splenic B cell subsets of donor D7 and includes the corresponding intrapeak clonal diversity analysis. The H-CDR3 spectratyping procedure and sequences of primers are described in the Supplemental materials and methods. The online version of this article is available at http://www.jem.org/cgi/content/full/jem.20071555/DC1.
